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Abstract
This paper presents a new mechanical network (lumped parameter circuit model) which enables the fast and easy
modeling of a gyro sensor. In contrast to known network approaches, the proposed circuit is the first model, which
takes full account of the fictitious force in a constant rotating frame of reference. The Coriolis force as well as the
centrifugal force on a mass are considered. The derivation of the network model from the basic equations is
described in detail. Afterwards the modeling of a simple gyro sensor is shown.
© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of Eurosensors 2014.
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1. Introduction
Sensor modeling with equivalent circuits, or electromechanical networks, offers several advantages. It enables
the very efficient simulation of different physical domains within one model [1]. In addition the understanding of
interrelationships and interactions between the physical domains is a central benefit of equivalent circuits. However,
for modeling rotating electromechanical systems, such as a gyro sensor, available models are unsatisfactory. A gyro
sensor must be modeled in a rotating frame of reference, which means it is necessary to consider the Coriolis force
and the centrifugal force. All existing approaches use additional force sources to account only for the Coriolis force
in a network model [2, 3], but neglect the centrifugal force. A general circuit model which accounts for both
fictitious forces did not exist until now.
In this paper we present the new mechanical network for modeling sensors in a constant rotating frame which
accounts for both fictitious forces. Furthermore the new network model is very simple as depicted in Fig. 1 for the
time harmonic case. To clarify the development and use of the model, the paper is structured as follows: In section 2
the problem is defined and the basic equations are given. Afterwards the network model is deduced in section 3. In
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section 4 the application of the model is explained by an example of a simplified gyro sensor. Finally, a summary
and a outlook are given in Section 5.
Fig. 1. Harmonic mechanical network of a point mass in a rotating frame of reference
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2. Point Mass in a Rotating Frame of Reference
For modeling rotating systems like gyro sensors with a network model, we introduce a local rotating frame of
reference with the same rotation as the sensor. Fig. 2 shows the rotating frame of reference (green) with the
coordinates  
   . The frame of reference rotates with the constant angular velocity 0

around the  -axis and has
a constant translational offset 0

to the inertial frame of reference. Compliant and damping elements are not affected
by the rotation. Only for mass elements we have to account for the rotation. For the following we consider a point
mass1 with the position    in the rotating frame of reference. Relative to the inertial frame of reference one get
the displacement and by time differentiation the velocity and acceleration of the point mass as follows:
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(1)
The multiplication with the mass leads to the equilibrium of forces
   0 0 0
net force in the rotating net force in the intertial Coriolis force centrifugal forceframe of reference reference frame
2              	    
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(2)
with the net force in the rotating frame of reference, the net force in the inertial frame of reference and the Coriolis
and the centrifugal force. Because the  -axis is the axis of rotation the Coriolis and the centrifugal force are zero in
 -direction. To obtain the components of the force in 
 - and  -direction, Eq. (3) can be split as follows:
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1 Distributed masses can easily be modeled by using a number of finite point mass elements.
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3. Mechanical Network for a Point Mass in a Rotating System
From Eq. (3) a two-dimensional network model for the point mass can be derived. Fig. 3 shows the definitions of
the forces and velocities in the rotating 
 -plane.
Substituting the accelerations and displacements in Eq. (3) by velocities leads to
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(4)
These equations can be interpreted as force sums according to Kirchhoff’s first law. Each equation consists of an
external force, a DC force source, whose amplitude depends of the position 0 0  of the mass in the rotating
reference frame, a mass term, and a negative compliance term. Furthermore the equations include a coupling term
between the 
 - and the  -direction. In the resulting mechanical network (see Fig. 4), the coupling term is
represented by a gyrator with the transduction coefficient 02   . Except for the force sources, all other model
elements are independent from the position of the point mass in the reference frame.
Fig. 4 Transient network model for a point mass in a rotating frame of reference (GNDx & GNDy: mechanical grounds in x- & y-direction in the
rotating frame of reference)
The derived network model enables the modeling of constant rotating mechanical systems. In addition to the
transient modeling, the model also enables time harmonic simulations. For the harmonic case the DC force sources
vanish and the remaining model is completely independent from the positon of the point mass in the reference
frame. A straightforward representation for the harmonic case is obtained when the mass and the compliance are
combined to a frequency dependent equivalent mass 2 2
eq 01        as show in Fig. 1 on the right side.
4. Example: Simplified Gyro Sensor
The basic working principle of a typical gyro sensor is a mass vibrating in a defined direction. When a constant
rotation with a rotation axis perpendicular to the primary vibration is applied, then a secondary vibration is
observed, which is perpendicular to the primary vibration and to the rotation axis. The amplitude of this secondary
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vibration is directly proportional to the angular velocity. A minimal setup for a gyro sensor is shown in Fig. 5. It
consist of a mass that is supported by springs. For this setup, the network model in Fig. 6 is obtained. Because the
dynamic behavior is of interest, the DC force sources have been omitted2.
Fig. 5 Schematic setup of a Coriolis gyro sensor Fig. 6 Transient network model of a simplified gyro sensor
To give a numerical value we assume an angular velocity of 0 628 3rad/s  , a mass of 1mg  , and equal
compliances in the 
 and the  -direction of 2µm/N
    . In the 
 -direction a sinusoidal force S with a
frequency of 1kHz and an amplitude which rises slowly up to 10 mN is applied. Fig. 7 shows the results of the
network model for the 
 -direction (primary vibration) and for the  -direction (secondary vibration). Compared to
the primary vibration, the secondary vibration shows a phase shift and an amplitude, which is for the given angular
velocity nearly five orders lower. To validate the network model a FEM simulation was carried out which confirms
the results very well. In the diagram nearly no differences between network model and FEM are visible.
Fig. 7 Simulated velocities in x- & y-direction
5. Summary and Outlook
In this paper a new and straightforward network model for mass elements in a constant rotating frame of
reference was developed and demonstrated by a schematic gyro sensor setup. With this model it is now possible to
apply the advantages of network modeling also to rotating mechanical systems e.g. for a gyro sensor. A big
advantage of this model is, that it can be used without any further knowledge about the fictitious forces. By the
proper use of the model, Coriolis and centrifugal force are fully accounted for.
The fact, that the model is restricted to constant rotating structures is no drawback for a lot of application because
the change of the angular velocity is often much slower than the dynamic vibrations of the structure. Therefore the
angular velocity can be varied between single dynamic calculations. In addition the new model can also be used for
larger structures by dividing the structure into a number of concentrated masses.
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